We have identified six circumstellar silicate grains within interplanetary dust particles (IDPs). Their extrasolar origins are demonstrated by their extremely anomalous oxygen isotopic compositions. Three O-poor grains have unknown stellar sources. One of the grains is forsterite, and two are amorphous silicate "GEMS" (glass with embedded metal and sulfides), which is consistent with astronomical identifications of crystalline and amorphous silicates in the outflows of evolved stars. These observations suggest cometary origins of these IDPs and underscore the perplexing absence of silicates among circumstellar dust grains from meteorites.
O-rich grains appear to originate from red giant or asymptotic giant branch stars. One 16 O-rich grain may be from a metal-poor star. Two 16 O-poor grains have unknown stellar sources. One of the grains is forsterite, and two are amorphous silicate "GEMS" (glass with embedded metal and sulfides), which is consistent with astronomical identifications of crystalline and amorphous silicates in the outflows of evolved stars. These observations suggest cometary origins of these IDPs and underscore the perplexing absence of silicates among circumstellar dust grains from meteorites.
For more than two decades, NASA has collected interplanetary dust particles (IDPs) in the stratosphere (1) . These particles are fragments of comets and asteroids; however, the sources of specific IDPs are uncertain (2) . Most collected IDPs range in size from 5 to 50 m and are frequently comprised of complex assemblages of 100-to 500-nm crystalline and amorphous grains bound together by carbonaceous material. Anhydrous IDPs' parent bodies have not experienced the hydrothermal alteration evident in meteorites, and many contain well-preserved molecular cloud material (3) (4) (5) .
Several types of circumstellar dust grains (stardust) have been extracted from meteorites, including nanodiamonds, silicon carbide, graphite, silicon nitride, corundum, hibonite, and spinel (6, 7) . However, despite their cosmically high abundance, no circumstellar silicates have been found in meteorites (8, 9) . One possibility is that silicates were more prone to destruction by parent-body or nebular processing in the early solar system. It has been proposed that anhydrous IDPs have preserved circumstellar silicates (10) (11) (12) (13) . Although previously measured O, Si, and Mg isotopic ratios of IDPs have fallen within the range of solar system materials, those measurements were limited to Ͼ1 m spatial resolution (14) (15) (16) (17) (18) .
Oxygen isotopic imaging of IDPs. We performed oxygen isotopic imaging of fragments from nine anhydrous cluster IDPs with a NanoSIMS ion microprobe (19) . The Nano-SIMS enables isotopic measurements at a spatial scale of 100 nm, with unprecedented sensitivity. Three types of samples were analyzed: 5-to 10-m fragments pressed into Au substrates, 70-nm thin sections mounted on transmission electron microscopy (TEM) grids, and 70-nm sections deposited directly onto Au. Five sections were analyzed by TEM before ion probe analysis to compare the mineralogy with the isotopic compositions of 113 grains. One IDP was sectioned for TEM analysis after ion imaging (20). Oxygen isotopic ratios were determined for an additional 919 grains of undetermined mineralogy (21 Most of the 1031 grains have solar O isotopic ratios (Fig. 1) . However, six of the grains have O isotopic ratios that are well outside the range of solar system materials and are thus probable stellar condensates (Table 1) . These grains are distinguished in the O isotopic images from the surrounding isotopically solar IDP matrices (Fig. 2) .
The O isotopic ratios of the circumstellar silicates are compared to those previously reported for circumstellar oxide grains extracted from meteorites (Fig. 3) . These grains fall within four isotopic groups (24) that reflect differences in (11, 13) , 23 olivines (60 to 100 mol. % Mg 2 SiO 4 ), 5 anorthites, 3 Ca,Al,Mg-rich glassy grains, 2 lowCa pyroxene grains, and 1 grain each of diopside and chromite. Two of these grains were circumstellar in origin: A (group 1) 300-nm forsterite grain and a (group 3) 400-nm GEMS grain. Both grains were found in the same slice, and a O ϳ 5 ϫ solar) of undetermined mineralogy appeared in another slice of this IDP (L2005 C13). In one case, we determined the mineralogy of a presolar grain (also a GEMS grain) after NanoSIMS analysis (20). Here we were able to confirm the unusual isotopic composition of the grain ( 16 O-poor) after transferring the section back to an Au substrate for a second NanoSIMS analysis. The petrographic settings of the circumstellar grains identified in TEM slices are not distinct from the other (solar) components in the IDPs, because they occur isolated in the carbonaceous matrix that binds minerals in the IDPs. Unfortunately, the circumstellar forsterite appears to have been thermally modified during atmospheric entry heating, making it impossible to determine whether there is microstructural evidence of its exposure in the interstellar medium (ISM) such as a high track density or a radiation-damaged rim.
Previous chemical and mineralogical studies of GEMS have found intriguing similarities to the properties of common interstellar silicates inferred from spectroscopy (13). Here we have identified at least two GEMS whose O isotopic compositions establish their circumstellar origins. However, the other 40 GEMS analyzed have solar isotopic compositions, and thus it is impossible to decide whether they are solar system materials or interstellar grains whose O isotopic compositions have been equilibrated. It is possible that GEMS represent a common end product of a universal process that occurs in the ISM and around newly formed stars. In this case, (30, 31) . Thus, the identification of circumstellar forsterite and GEMS grains is consistent with these observations. Though the relative abundances of these components are sensitive to the stellar environment (32), amorphous grains are usually the most abundant. However, crystalline silicates are not detected in the ISM, and upper limits on their abundance range from 2 to 5% (33, 34). This suggests that crystalline silicates are commonly destroyed or rendered amorphous by shocks and high-energy radiation in the ISM. It is possible that only those crystalline circumstellar silicates with short interstellar residence times or those that have been protected with coatings will be found in IDPs.
R E S E A R C H A R T I C L E S
Although it has been proposed that isotopically solar GEMS are formed in the ISM by reaccretion of sputtered material (13), it is not possible to form high-temperature minerals such as enstatite and forsterite under these conditions. Further, it is rare for evolved stars to form stardust with solar isotopic ratios. Consequently, our observations do not support the idea that IDPs are pristine aggregates of interstellar grains. Instead, the IDPs we studied are primarily composed of materials formed at high temperatures in the protosolar nebula [perhaps by nebular shocks (35) or transported from the inner (warmer) regions of the solar nebula (36)] and variable proportions of preserved stardust and molecular cloud material.
We estimate a preliminary average abundance of silicate stardust in IDPs to be ϳ5500 parts per million ( ppm) by taking the ratio of the total area of the circumstellar grains (ϳ1.7 m 2 ) to the total area imaged (308 m 2 ). This value should be considered a lower limit, given that useful measurements were only achieved for grains Ͼ200 nm in size. This abundance is far in excess of the total circumstellar grain abundance in meteorites, which is less than 20 ppm [excluding nanodiamonds (37)]. The fact that these IDPs have such high abundances of stardust not found in meteorites, coupled with their preservation of delicate molecular cloud materials, suggests that they originated from parent bodies far more primitive than meteorites. Potential sources are short-period comets, as they are likely to harbor the least-altered remnants from the epoch of solar system formation. ϩ primary ion beam over areas ϳ10 ϫ 10 m, while simultaneously acquiring 16, 17, 18 O -, 28 Si -, and 24 Mg 16 O -secondary ion counts with five electron multipliers. Multiple (5 to 20) image scans were acquired for each sample in order to provide verification of any apparent anomalies. High-massresolution scans were acquired on each sample before analysis in order to ensure that the contribution of 16 OH -to the 17 O -peak was less than 1‰, with a mass-resolving power of at least 9000 (Cameca definition), or ϳ6000 in the conventional definition. Image acquisition times ranged from 3 to 10 hours, consuming 30 to 100 nm of surface material. The magnetic field was controlled with a nuclear magnetic resonance probe, which kept peak positions stable to ⌬M/M Ͻ 5 ppm. Thin sections were coated with 50 Å of Au or C to avoid sample charging. 20. The IDP L2036 C4 was extracted from the ion probe mount by carving a section of the Au substrate measuring 200 ϫ 200 m by hand with a scalpel. The extracted section was glued to a flattened epoxy bullet with a cyanoacrylate adhesive. The Au was trimmed with a glass knife on an ultramicrotome, leaving a 30-m plateau containing the IDP. The IDP was then embedded in resin, and after curing several days was sliced with a diamond knife into 50-nm sections. The sections were transferred to a 1-mm-aperture grid coated with Formvar. After TEM analysis, the entire mount (Formvar with seven sections) was transferred to a . The standard deviations of the isotopic compositions of these "standard subgrains" were taken into account in the determination of the final measurement uncertainty. Ion channels carry electric current across the membrane of cells in the form of diffusing ions. The two key properties of ion channels are selective ion conduction and gating. Selective conduction refers to a channel's ability to select one ionic species among those present in the cellular environment and catalyze its rapid flow through the pore; gating refers to opening and closing the pore, the process by which ion conduction is turned on or off. In some channels, the functions of selective conduction and gating are mediated by quite separate structural elements. Potassium channels, for example, have a selectivity filter near the extracellular side of the pore and a gate near the intracellular side (1) . Separation of the filter and gate allows ligand-binding domains or voltage sensor domains to open and close the pore through large conformational changes without affecting the selectivity filter, whose structure must be maintained in order to discriminate among ions on the basis of their small differences in radius (2) (3) (4) .
Years of electrophysiological study suggest that the condition of a structurally independent selectivity filter and gate will probably not apply to ClC channels, a large Cl -channel family whose members are found from bacteria to animals (5-7). In ClC channels, selective conduction and a certain form of gating referred to as "fast gating" seem to be intimately coupled to each other. Chloride ions conduct rapidly through the pore, and at the same time they affect the probability that the fast gate will be open (8, 9) . Certain ClC channels have even been called "Cl --activated Cl -channels" because extracellular Cl -causes the gate to open (8, 9) . Membrane voltage can influence the open probability as well, but even this property depends on Cl -ions (8, 9) . We sought to understand the structural origins of gating in ClC channels and why gating is closely tied to Cl -ion conduction. Specifically, we tested a possibility raised by the first ClC channel structures: that a glutamate side-chain carboxyl group gates the pore by binding to a Cl -ion site within the selectivity filter (10) .
Structure of a ClC channel bound to a Fab. A reasonably high-resolution structure was required in order to define the Cl -ion coordination chemistry within the conduction pore with accuracy. To this end, monoclonal antibodies were raised and a crystal structure of an E. coli ClC channel bound to a Fab fragment was determined at 2.5 Å resolution (11) Figures 1, 2 , and 4 were prepared with DINO (www.dino3d.org).
